To understand the effect of the cyclic strain rate on the environmentally assisted cracking behaviors of SA508 Gr.1a low alloy steel in deoxygenated water at 310 o C, the fatigue surface and a sectioned area of specimens were observed after low cycle fatigue tests. On the fatigue surface of the specimen tested at a strain rate of 0.008 %/s, unclear ductile striations and a blunt crack tip were observed. Therefore, metal dissolution could be the main cracking mechanism of the material at this strain rate. On the other hand, on the fatigue surfaces of the specimens tested at strain rates of 0.04 and 0.4 %/s, brittle cracks and flat facets, which are evidences of the hydrogen induced cracking, were observed. In addition, a tendency of linkage between the main crack and the micro-cracks was observed on the sectioned areas. Therefore, at higher strain rates, the main cracking mechanism could be hydrogen induced cracking. Additionally, evidence of the dissolved MnS inclusions was observed on the fatigue surface from energy dispersive x-ray spectrometer analyses. Thus, despite the low sulfur content of the test material, the sulfides seem to contribute to environmentally assisted cracking of SA508 Gr.1a low alloy steel in deoxygenated water at 310 o C.
Introduction
Low alloy steels (LASs) used as the structural materials of nuclear power plants (NPPs) are subject to cyclic stress during plant operation.
Consequently, fatigue damage is one of the most significant degradation mechanisms of them.
Moreover, fatigue crack growth rate is accelerated in the high temperature water environment of NPPs, thereby reducing the fatigue life [1] [2] [3] [4] [5] [6] .
Therefore, the environmental fatigue behaviors of LASs should be considered to assess the integrity and the safety of NPPs. To date, many studies have been done to evaluate the environmental fatigue behaviors of LASs [1] [2] [3] [4] [5] [6] [7] [8] [9] . It has been reported that the reduction of fatigue life is related to environmentally assisted cracking (EAC) mechanisms, such as metal dissolution and hydrogen induced cracking (HIC) [1] [2] [3] [4] [5] [6] .
In the metal dissolution mechanism, the protective oxide film is ruptured under tensile strain, and the metal is dissolved by exposure to a corrosive environment until a protective oxide layer is formed [1] [2] [3] [4] . The whole process is repeated, resulting in crack growth. In the HIC mechanism, hydrogen atoms produced by corrosion reaction are absorbed by the metal and concentrated at strong hydrogen trapping sites, which increases stress in a localized area [1] [2] [3] [4] [5] [6] 10] .
Then, crack growth occurs by the brittle cracking caused by the high stress [1] [2] [3] [4] [5] [6] .
Meanwhile, it is well known that environmental effects on the fatigue life decrease with decreasing sulfur content [7, [11] [12] [13] [14] . As sulfides can prevent the recombination of hydrogen at the crack tip and sulfate anions are aggressive in terms of increasing the oxidation rate, the dissolution of MnS inclusions is known to accelerate the crack growth by both EAC mechanisms [5, [11] [12] [13] [14] [15] . However, the values of S contents below which environmental effects are negligible or above which the effects of sulfide on EAC may saturate were not well defined due to the lack of available data [7] . Especially, in low dissolved-oxygen water, the effects of sulfur on EAC mechanisms could be influenced by various factors and is not clearly understood.
In this study, the effect of cyclic strain rate on environmental fatigue resistance was investigated to understand the EAC behaviors of SA508 Gr. 1a LAS in deoxygenated water at 310 o C. In addition, energy dispersive x-ray spectrometer analyses (EDS) were performed on fatigue surfaces to investigate the effects of sulfides on environmental fatigue behaviors.
Experimental Details

Material and Tensile Test
The test material was an ASME SA508 Gr. 1a LAS used as the material for reactor coolant system piping. The material was normalized at Table   2 .
Low Cycle Fatigue Test System and
Test Conditions
The test specimen was a smooth round bar type with a 19.05 mm gauge length and a 9.63 mm gauge diameter [4] . The low cycle fatigue (LCF) test system is shown in Fig. 1 
Discussion
EAC Mechanisms
From the results of the LCF test of SA508 Gr.
1a LAS [1] , the fatigue life in deoxygenated water at 310 o C was shorter than that in air. As mentioned above, it is well known that the reduction of fatigue life is related to EAC mechanisms. The probable EAC mechanisms involved are metal dissolution and HIC [1] [2] [3] [4] [5] [6] [7] . 
Strain Rate Dependence of EAC Mechanism
As mentioned above, the fatigue crack features of the specimens tested in deoxygenated water at hydrogen [1] [2] [3] [4] [5] [6] . Therefore, although the hydrogen absorption time increases sufficiently, HIC could be retarded [2] . In addition, as the rupture rate of oxide film is proportional to the applied strain rate, the low rupture rate of oxide film may occur at the crack tip at a lower strain rate, thereby lowering the exposure time of fresh bare metal [1] [2] [3] [4] . This situation would decrease the absorption of hydrogen into the matrix. Therefore, at lower strain rates, the dominant EAC mechanism of LAS may be metal dissolution [1] [2] . On the other hand, at higher strain rate, the crack opening time could decrease, thereby decreasing the hydrogen absorption time. However, the fresh bare metal may be easily exposed to a corrosive environment due to the higher rupture rate of oxide film. This may lead to the absorption of hydrogen into the matrix. Therefore, the HIC mechanism may be the main EAC mechanism at relatively faster strain
Therefore, from the observation of the fatigue surfaces and the sectioned areas of the specimens tested at various strain rates in deoxygenated water at 310 o C, it is thought that metal dissolution is the dominant EAC mechanism at a strain rate of 0.008 %/s and that HIC affects significantly the fatigue crack propagation at strain rates of 0.04 and 0.4 %/s.
The role of MnS in the EAC mechanism
Although the sulfur content of LAS used in this study was very low, evidence of dissolved inclusion was easily observed on the fatigue surfaces tested in deoxygenated water at 310 o C, as shown in Fig. 5 . From the EDS analysis, it is thought that MnS inclusions were dissolved in corrosive environment, because the sulfur and manganese contents in the dissolved inclusion site were higher than those in other areas on the fatigue surface. The brittle crack around the MnS inclusion may be generated by an increase in local stress at the interface of MnS inclusion and matrix, because the absorbed hydrogen could be easily diffused in that region [10, [16] [17] . Therefore, MnS inclusion sites could have contributed to the HIC mechanism.
Furthermore, it is well known that the dissolved sulfides could contribute to the acceleration of the EAC mechanism [11] [12] [13] [14] . Figure 7 illustrates the role of sulfides in the crack tip. As shown in Fig.   7 , the sulfides are readily dissolved in the elevated temperature water [12] . The dissolved MnS may be decomposed by the following reactions [5] .
The sulfides produced by reactions in (1) could interact with Fe, thereby increasing metal dissolution [12] . Therefore, the sulfides anions are aggressive in terms of increasing the oxidation rate [11] [12] . Also, the sulfides, S 2-, HS -, H 2 S produced by above reactions may act as poison to prevent the recombination of hydrogen and promote the absorption of hydrogen into metal, thereby increasing HIC [5, 12, 15] .
To enhance the EAC mechanism, a critical concentration of the sulfides is required at the crack tip environment [7, 13] . Since the increase of the sulfur content in metal could increase the concentration of sulfides at the crack tip, the low sulfur steel including SA508 Gr. 1a LAS is less susceptible to EAC than high sulfur steels [7, [12] [13] . Additionally, it has been reported that low sulfur steels (< 0.005 wt.-% S) should be considered when environment is aerated water (1ppm DO) [7] . Therefore, the effect of sulfides in the low sulfur steels could be an important factor in a boiling water reactor (BWR) environment.
Fig.7 Schematic illustration of the role of MnS inclusions
However, Chopra [7] reported that the available data sets are too sparse to establish a functional form for dependence of fatigue life on sulfur content or to define a threshold for sulfur content.
Also, Atkinson [12] reported that the corrosion fatigue crack growth rate and threshold stress intensity factor were functions of the S content in the range of 0.003 -0.019 wt.-% in a pressurized water reactor (PWR) condition, while a clear relationship between the fatigue propagation rate and the steel sulfur content has not been observed [12] . Therefore, the dissolved sulfides may contribute to enhance the EAC mechanism in SA508 Gr. 1a LAS containing sulfur content of 0.004 wt.-%. Moreover, it is likely that the effect of the dissolved sulfide on the EAC mechanism could be sufficiently increased by the synergistic effect of various factors [12, 18] . However, as the present work does not provide sufficient evidence to evaluate the effect of sulfide on the EAC mechanism, it is not fully understood how much the sulfides contribute to the enhancement of EAC. Therefore, additional tests on high sulfur containing LAS are required to evaluate the effect of sulfides on EAC behaviors of SA508 Gr. 1a
LAS in high temperature water. 
